Muscarinic acetylcholine receptors exert slow and prolonged synaptic effects in both vertebrate and invertebrate nervous systems. Through activation of G proteins, they typically decrease intracellular cAMP levels by inhibition of adenylate cyclase or stimulate phospholipase C and the turnover of inositol phosphates. In insects, muscarinic receptors have been credited with two main functions: inhibition of transmitter release from sensory neuron terminals and regulation of the excitability of motoneurons and interneurons. Our pharmacological studies with intact and behaving grasshoppers revealed a functional role for muscarinic acetylcholine receptors as being the basis for specific arousal in defined areas of the brain, underlying the selection and control of acoustic communication behavior. Periodic injections of acetylcholine into distinct areas of the brain elicited songs of progressively increasing duration. Coinjections of the muscarinic receptor antagonist scopolamine and periodic stimulations with muscarine identified muscarinic receptor activation as being the basis for the underlying accumulation of excitation. In contrast to reports from other studies on functional circuits, muscarinic excitation was apparently mediated by activation of the adenylate cyclase pathway. Stimulation of adenylate cyclase with forskolin and of protein kinase A with 8-Br-cAMP mimicked the stimulatory effects of muscarine whereas inhibition of adenylate cyclase with SQ22536 and of protein kinase A with H-89 and Rp-cAMPs suppressed muscarinestimulated singing behavior. Activation of adenylate cyclase by muscarinic receptors has previously been reported from studies on membrane preparations and heterologous expression systems, but a physiological significance of this pathway remained to be demonstrated in an in vivo preparation.
A cetylcholine (ACh) is an important transmitter in the nervous systems of both vertebrates and invertebrates. It activates two structurally distinct classes of receptors named nicotinic and muscarinic ACh receptors (mAChRs) according to their activation by the distinguishing agonists nicotine and muscarine. Nicotinic AChRs are ligand-gated cation channels that, on activation, mediate rapid and short-lived depolarization. In contrast, mAChRs are coupled through G proteins to intracellular second messenger pathways, leading to signals that are slower in onset and longer in duration (for review, see refs. 1 and 2). Five different subtypes of mAChRs have been cloned from vertebrates that differ in their selectivity for agonists and antagonists, in their expression patterns within the central nervous system, in their coupling to specific G proteins, and thus in their effects on second messengers (1) (2) (3) . Although mAChRs have been found in various insect nervous systems (for review, see refs. 4 and 5) , only one subtype, from Drosophila, has been cloned to date (6, 7) . Because the pharmacological classification of invertebrate mAChRs does not correlate well with that of vertebrates (8) , relatively little is known about the diversity of receptor subtypes and their functional coupling to second messengers in individual invertebrate neurons (4, 5) . The most extensive studies have been performed on sensor y-tointerneuron synapses in cockroaches (9) and sensory-tomotoneuron synapses in larvae of tobacco hawkmoths (10) . In both preparations, two functions, apparently served by different types of muscarinic receptors, have been identified. Presynaptic receptors, present on sensory terminals, inhibit transmitter release through inhibition of the adenylate cyclase pathway, depending on previous synaptic activity (9) (10) (11) . Activation of postsynaptic receptors increases the excitability of motoneurons and interneurons, thereby causing a sensitization to presynaptic input (9, 10) . In addition to these identified effects, global application of muscarinic agonists activates central pattern generating circuits for various insect behaviors such as locomotion (12, 13) , chewing, and pharyngeal movements (5, 14) . However, the neurons targeted by muscarinic agonists and the immediate effects they evoke are generally difficult to explore in behaving preparations.
A promising preparation in which to study subcellular mechanisms that contribute to the control of behavior is the singing behavior (stridulation) of gomphocerine grasshoppers. Grasshopper songs are genetically determined and not altered by learning processes. Many species generate distinguishable songtypes that serve as specific signals in the context of attracting partners for reproduction, courting, and agonistic behavior (for review, see ref. 15) . Courtship songs in particular may include various pattern elements, the composition of which gradually changes with the progress of courting and increasing levels of excitation (16, 17) . The central pattern generating circuits driving the sound-producing hindleg movements during stridulation are located in the third thoracic ganglion complex (18, 19) (Fig.  1 ). These thoracic pattern generators are activated through tonic discharges of descending protocerebral command neurons (20). In a given species, each of several identifiable types of command neurons controls one specific pattern of stridulatory hindleg movements whose performance is associated with a particular behavioral situation (21) . Grasshopper stridulation can be stimulated by focal injections of cholinergic agonists into specific areas of the protocerebrum, the central body complex, and a small neuropil situated posterior and dorsal to it (16, 22) . When stimulated by nicotinic agonists, stridulation is rapidly initiated and short-lived, whereas stimulation by muscarinic agonists produces slowly initiated, long-lived bouts of stridulation. This indicates that ACh is a natural transmitter, mediating excitation in the protocerebral circuits that control stridulatory behavior.
In this publication, we present a more thorough investigation of the contribution of muscarinic excitation to the control of grasshopper singing behavior. Various membrane permeable substances known to interfere with the adenylate cyclase second messenger pathway were tested for their ability to mimic the This paper was submitted directly (Track II) to the PNAS office.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. stimulatory effects of muscarine or to suppress muscarinestimulated singing behavior. The results suggest that mAChRs in the brain of grasshoppers mediate excitation by activation of adenylate cyclase, supporting previous studies on cell membrane preparations and heterologous expression systems in which a physiological role for this pathway was suggested (23) (24) (25) (26) . We further demonstrate by periodic stimulation with ACh and muscarine, by the use of specific antagonists, and by pharmacological interference with natural stimuli relevant to singing behavior, that the activity of the muscarinic system determines (i) the behavioral threshold for engagement in stridulation and (ii) the selection of song patterns associated with increasing arousal during the progress of courtship.
Materials and Methods
Animals. Experiments were performed with adult male grasshoppers of the two species Omocestus viridulus (L.) and Chorthippus biguttulus (L.). Both species were caught in the vicinity of Göttingen (Germany) and kept in the laboratory for up to 2 wk. All studies were performed at room temperature (24-28°C).
Drugs. The neuroactive drugs (ACh, muscarine, scopolamine, 8-Br-cAMP, 3-isobutyl-1-methylxanthine, and forskolin were obtained from Sigma-Aldrich; SQ22536 and Rp-cAMPs were obtained from Calbiochem, and H-89 was obtained from Biomol, Plymouth Meeting, PA) were dissolved in grasshopper saline (27) Injections of muscarine and forskolin stimulated stridulation of equal duration. (E) Injection of the adenylate cyclase inhibitor SQ22536 reversibly reduced the duration of stridulation stimulated by identical muscarine injections (P Ͻ 0.001, one-way ANOVA for repeated measures). All drugs were used at concentrations of 10 Ϫ3 M in the pipet. The mean duration of stridulation at a specific stimulation site was set to 100% as follows: using the first stimulation of a series (A-C), muscarine alone (D), and muscarine before SQ22536 (E). were first dissolved in DMSO to give a final concentration of 5% DMSO after saline was added. Control injections of DMSO solution to sites within the brain where muscarine reliably stimulated stridulation had no effect.
Experimental Design. Grasshoppers were restrained with wax at their pronota, the head capsules opened dorsally, and the brains tipped forward to expose their dorsal surfaces. Drugs were applied through a capillary with two chambers, pulled to a single tip of Ϸ10-15 m in diameter. The capillary was coupled to a pressure pump (model PV 820, WPI Instruments, Waltham, MA), enabling individual injections of small (1-3 nl) volumes of two different drugs to the same site within the brain. Stridulatory hindleg movements were recorded with optoelectronic cameras (28) . Recordings of hindleg movements, sound, and the injection pulse were digitized and stored on a personal computer. The data were processed with the following tools: visual examination with the analysis program NEUROLAB (29) , generation of histograms with EXCEL (Microsoft), statistical evaluation with PRISM (Graphpad, San Diego), and assembling of figures with PHOTO-SHOP (Adobe Systems, Mountain View, CA).
Results and Discussion
Previous pharmacological studies on gomphocerine grasshoppers established that species-and context-specific stridulation can be stimulated by injection of both nicotinic and muscarinic agonists into a particular region of the brain (16, 22) . However, the functional role of mAChR-mediated excitation in the brain circuits that control specific singing behavior remained unclear because muscarinic effects are believed to depend on sustained release of ACh as it has previously been suggested for the activity of certain sensory afferents (5, 9, 11).
Stimulation of mAChRs Leads to Prolonged and Accumulating Excitation in the Control Circuits for Stridulation. In one series of experiments, the injection capillary was placed at a site within the protocerebrum where repeated injections of ACh, the presumed natural excitatory transmitter, reliably elicited stridulatory behavior ( Fig. 2A) . With regular stimulus intervals of 15 s (Fig. 2 A  Left) , the first of a series of identical ACh stimuli elicited periods of stridulation that were relatively short, compared to later injections. The following ACh stimuli led to gradually increasing durations of stridulation, which saturated after the third or fourth injection. Increased durations of stridulation were always associated with shorter latencies to the onset of stridulation (not shown). With stimulus intervals of 30 s, the overall increase of duration was less pronounced (Fig. 2 A Center) . ACh stimulation at intervals of 60 s failed to cause significant changes in the duration of stridulation (Fig. 2 A Right) . These results indicated that the ACh-induced excitation outlasts not only the stridulatory activity of 1-5 s but an interval of at least 30 s. With sufficiently short interstimulus intervals, this leads to an accumulation of excitation, causing faster onset of prolonged stridulation in response to the following ACh stimulus.
To determine the nature of this cumulative excitation, activation of mAChRs was prevented by coinjection of the general muscarinic receptor antagonist scopolamine (4), which has been shown to antagonize muscarine-stimulated stridulatory behavior (22) . Double-barrel injection capillaries were inserted into areas within the protocerebrum where repeated injections of ACh (⌬t ϭ 15 s) led to the characteristic changes in the duration of stridulation (Fig. 2B, black columns) . A mixture of ACh and scopolamine injected to identical sites reliably elicited stridulation of similar durations as those seen in the first injections of a series with ACh alone. However, the increase of durations (Fig.  2B , gray columns) was significantly reduced (P ϭ 0.0001; twoway ANOVA), suggesting a partial suppression of muscarinic excitation underlying this phenomenon by the coinjected competitive antagonist. When instead of ACh the mAChR agonist muscarine was used for stimulation, the onset of stridulation was slower and its duration prolonged (22) . As with ACh, repeated injections of muscarine (Fig. 2C , ⌬t ϭ 5 min) led to progressively prolonged stridulation and faster onset of activity (not shown). The intervals between individual muscarine stimuli could be as long as 10 min and still produce cumulative excitation, indicating a prolonged presence of muscarine at the receptors and͞or a stronger and more persistent activation of the second messenger pathway coupling to this subtype of mAChR.
Muscarinic Effects Are Mediated by Activation of the Adenylate
Cyclase Second Messenger Pathway. To explore the basis of the long-lasting effects, membrane permeable substances known to interfere with intracellular second messenger pathways were injected at sites where muscarine reliably stimulated stridulatory behavior. Direct activation of adenylate cyclase by forskolin (30) stimulated stridulation with similar temporal characteristics as muscarine injected at identical sites within the protocerebrum (Fig. 2D) . Similarly, injections of 8-Br-cAMP, an analog of endogenously generated cA MP (31) , and 3-isobutyl-1-methylxanthine, an inhibitor of phosphodiesterase (32) , were also effective in stimulating stridulation (not shown). These results suggested that the second messenger cAMP contributes to the generation of excitation in the cephalic circuits that initiate stridulation. A linkage between stimulation of mAChRs and activation of the adenylate cyclase pathway was demonstrated with the following experiment. A capillary was placed in the central protocerebrum where periodic (⌬t ϭ 5 min) injections of muscarine elicited stridulatory activity of similar duration. Interposed injections to the same site within the brain of SQ22536, an inhibitor of adenylate cyclase (33) , reversibly reduced the overall duration of stridulation (P Ͻ 0.001, 0-5 min after application, ANOVA for repeated measures) that was induced by identical muscarine stimuli (Fig. 2E) . Similar results were obtained with H-89 and Rp-cAMPs (not shown), two substances that reduce the activation of protein kinase A by cAMP (31, 34) . Because muscarine-stimulated stridulation was completely suppressed in some of these experiments (e.g., in 9 of 13 experiments with SQ22536), activation of adenylate cyclase leading to the formation of the second messenger cAMP appeared to be necessary for the mediation of the excitatory muscarinic effects.
Activation of mAChRs Decreases the Behavioral Threshold for Engagement in Singing Behavior in Response to Natural Stimuli. A functional contribution of muscarinic excitation to the cephalic control of stridulation was not obvious because muscarinic effects, in contrast to transient activation of nicotinic receptors, are thought to depend on sustained release of ACh from presynaptic sources like sensory terminals (5, 10). Although direct activation by auditory afferents of the cephalic circuits that control stridulation can be excluded (35, 36) (Fig. 1) , songs of conspecific females (Fig. 3A) have been demonstrated to effectively stimulate males to answer, engage in song dialogues, and approach the female (37) . During our pharmacological experiments, males of the species Ch. biguttulus were fixed to a holder and never responded spontaneously to female songs presented via a loudspeaker. A similar decreased responsiveness has been observed in other studies with restrained animals (38) . A small amount of muscarine, not sufficient to induce stridulation (Fig. 3B) , was injected into the protocerebrum at a site where injections of larger volumes of muscarine elicited the behavior (not shown). This small amount of muscarine was administered every 10 min throughout the entire experiment to assure the same basal muscarinic excitation in the protocerebral circuitry. Beginning at 1 min before every second trial, female songs were presented. It was only in connection with these acoustic stimuli that the standard muscarine injection elicited 2-3 song sequences in the male (Fig. 3C) . The stimulating effect of the female song that contributed to excite the male beyond its response threshold could be replaced by a preceding injection of muscarine that was given 30 s in advance to the test pulse (Fig. 3D) . These results indicate that excitation mediated by both stimuli, the female song and the injected muscarine, converges at some point within the cephalic control circuit and accumulates to release stridulatory behavior. Both stimuli elevate the basal level of excitation or arousal, thereby priming the male to stridulate in response to an additional stimulatory input. Simply speaking, the mAChRmediated excitation provides a substrate for motivation in the protocerebral control center for stridulation. Although some evidence exists that the integrated sensory input from the female song may lead to activation of the muscarinic system, activation of a different pathway that contributes to the specific arousal cannot be excluded at this point.
The Amount of mAChR Mediated ''Basal'' Excitation Determines the Selection of Stridulation Patterns Associated with a Certain Behavioral Situation. In addition to lowering the behavioral threshold, muscarinic excitation with its characteristics described in Fig. 2 , also may determine the use of song patterns that emerge during later stages of courtship and are associated with increasing arousal (16, 17) . Courtship songs of O. viridulus consist of several sequences but only the last two or three sequences immediately preceding a mating attempt are supplemented by short parts of two additional movement and sound patterns (Fig. 4A) , indicating the highest level of arousal. Two types of pharmacological experiments suggested that the composition of courtship songs may depend on the level of mAChR-and adenylate cyclasemediated excitation. (i) Increasing the amount of muscarine administered to a fixed site in the protocerebrum resulted in two effects: a prolonged duration of induced stridulatory activity and the appearance of the additional patterns related to the final stages of courtship (Fig. 4B). (ii) When complete courtship sequences that included the additional patterns were initiated by identical muscarine stimuli at regular intervals of ⌬t ϭ 5 min, interposed injections of SQ22536 reduced the performance of the ordinary pattern but completely abolished the additional patterns (Fig. 4C) . With the effect of the adenylate cyclase inhibitor diminishing, the additional patterns associated with high courtship intensity reappeared only after the duration of the part consisting of the ordinary pattern had been restored to its level before SQ22536 interference. Although the amount of stridulatory activity appeared to depend on the duration of suprathreshold excitation in the control circuit, the selection and performance of patterns related to higher arousal toward the end of courtship stridulation seemed to be determined by a second, more elevated threshold. This second threshold may only be passed with the contribution of substantially elevated levels of mAChR-mediated excitation that accumulates during the first part of courtship in the presence of the conspecific female.
In summary, the results presented above together with a detailed knowledge of grasshopper stridulatory behavior lead to the following picture: ACh, released from yet unidentified presynaptic brain neurons, initiates stridulatory behavior through its actions on both nicotinic and muscarinic AChRs. Stimulation of mAChRs leads to prolonged excitation based on the activation of adenylate cyclase and increased levels of the second messenger cAMP. Considerable excitation, mediated by mAChRs, accumulates only with repeated or persistent release of ACh from presynaptic sources, because of suitable sensory input such as the song or the presence of a potential reproductive partner. During prolonged courtship stridulation in the immediate vicinity of the female, mAChR-mediated arousal progressively builds up to a certain level, at which additional song patterns may be included and a mating attempt initiated. Our studies in the brain of grasshoppers suggest a functional role for mAChRs in the selection and control of specific behaviors relevant to a certain situation. This function supplements previously described effects of mAChRs, that modulate presynaptic transmitter release and postsynaptic excitability at sensory-tomotoneuron or sensory-to-interneuron synapses (9) (10) (11) . Pharmacological interference with the adenylate cyclase͞cAMP second messenger pathway indicated that mAChRs in the central protocerebrum of grasshoppers activate adenylate cyclase. This demonstrates a physiological significance for this pathway, that previously has only been described for heterologously expressed mAChRs, tissue extracts and membrane preparations (23) (24) (25) (26) .
